transformation and genetic damage. [7, 8] Therefore, increasing the dose of radiation exposure can greatly increase the risk of all types of diseases from malignant tumors to gene damage. Children have higher radiation sensitivity and longer average life expectancy than adults, [10, 11] so it is more important to explore and promote clinical and scientific research regarding low-dose CT scanning protocols for children. [11] [12] [13] Adverse contrast reaction is another problem that should not be ignored in CT examination. The value of CT largely depends on the use of contrast. [14, 15] High-iodineconcentration contrast has higher osmotic pressure and viscosity, which can cause a variety of adverse reactions, such as changes in vascular endothelial cell morphology and function, nausea, vomiting, redness, fever, extravasation, and pain and subcutaneous tissue damage at the injection site. [15, 16] Studies have shown that contrast-related adverse reactions are significantly correlated with the concentration of the contrast, dose of the contrast, and injection pressure. [16] [17] [18] CT contrast can also induce contrast nephropathy, a very serious complication. A survey showed that contrast are the third most frequent causes of iatrogenic acute renal failure. [19, 20] High-risk populations prone to adverse reactions to contrast include infants and young children. [21] For these high-risk populations, we should reduce the concentration of the contrast and slow down the contrast injection speed to prevent adverse reactions [16, [19] [20] [21] [22] [23] [24] while maintaining image quality. Dual-energy spectral CT simultaneously acquired the raw data per location at two different energies (80 and 140 kVp) in a single 360° gantry rotation. With the use of dedicated analysis tools on an advanced workstation, CT value versus kiloelectron-volt curves can be generated by plotting the attenuation values (in Hounsfield units) of a material at every monochromatic energy from 40 to 140 keV. The resultant is called spectral attenuation curve. [25] Iodine has markedly increased attenuation at lower energies and decreased attenuation at higher energies. [22] In conventional CT, better CT angiography (CTA) image was acquired by increasing the concentration or the dose of the contrast, or the use of a lower scanning voltage. However, in dual-energy spectral CT, better CTA image can be acquired by adjusting kiloelectron-volt on workstation; low kiloelectron-volt photon energies can significantly improve the attenuation values of blood vessels, even if the intravascular contrast concentration is low.
The needs to reduce both the radiation dose and contrast dose to children in CT are urgent because of their sensitivity to radiation damage and the side effects of contrast. [10, 11, 21] However, there have been few studies on the application of low-concentration contrast in pediatric abdominal CT examinations. This was a feasibility study of the use of dual-energy spectral imaging and adaptive statistical iterative reconstruction (ASiR) [26] to reduce the radiation and iodine contrast doses in pediatric abdominal CT patients with solid tumors.
Methods

Patient selection
This study involved patients with solid tumors who underwent initial tumor diagnostic imaging with conventional enhanced CT mode and follow-up evaluation with dual-energy spectral CT mode after chemotherapy. This study was approved by the ethics committee of our hospital. The parents of all pediatric patients signed informed consent to authorize the use of dual-energy spectral CT data and previous relevant enhanced CT images.
There were 45 patients enrolled in our study, and the average age was 3.15 ± 1.03 years (2-6 years), with male/female ratio of 26/19. There were 16 patients with neuroblastoma, 12 with lymphoma, 6 with hepatoblastoma, 4 with rhabdomyosarcoma, and 7 with nephroblastoma. These patients had undergone conventional abdominal enhanced CT scans from September 25, 2014 to March 1, 2015 for diagnosing solid tumors (Group B). Follow-up abdominal enhanced dual-energy spectral CT scans (Group A) were performed from March 1, 2015 to September 30, 2015 , after the first course of chemotherapy for pediatric solid tumors to evaluate the volume changes of tumor foci [ Table 1 ].
Computerized tomography scan parameters
Abdominal CT scans were performed on a Discovery CT750 HD (GE Healthcare, Wisconsin, USA). Ten percent chloral hydrate (0.5 ml/kg) was administered half an hour before the CT scan for sedation if needed. The total dose was <10 ml.
A single enhanced phase CT scan was carried out for patients in Group A using dual-energy spectral CT imaging mode with the lowest dose dual-energy spectral CT protocol of 260 mA tube current and a 1.375 helical pitch. The single enhanced phase was performed at 45 s after the beginning of contrast injection. Monochromatic image sets with photon energies ranging from 40 keV to 140 keV were reconstructed from the single, dual-energy spectral CT scan. Spectral CT images with photon energy levels ranging from 40 keV to 59 keV were reconstructed using the filtered back-projection (FBP) reconstruction algorithm (due to the lack of an iterative reconstruction option for this energy range for the software on our CT system). In addition, the spectral CT images at 60 keV were reconstructed with a 40% ASiR algorithm.
The patients in Group B were scanned using the conventional three-phase scan protocol with an unenhanced phase plus two contrast-enhanced phases. All scans in Group B used the automatic tube current modulation technique and a helical pitch of 1.375 to achieve an image noise index of 9. Tube voltage varied based on the scan phase: 120 kVp for the unenhanced phase; 80 kVp for the arterial phase (AP), with scan beginning 2-3 s after the end of contrast injection; and 120 kVp for the venous phase (VP), with scan beginning 45 s after the beginning of contrast injection. The images in Group B were reconstructed with the 40% ASiR algorithm. The scan ranges were the same for the two groups.
Contrast injection scheme
The contrast was intravenously injected at high speed with a high-pressure syringe at a dose of 1.4 ml/kg for patients with 10-20 kg body weights and 1.2 ml/kg for patients with 20-50 kg body weights. Group A and Group B received 270 mgI/ml and 320 mgI/ml iodixanol contrast, respectively. The injection finished in <15 s in Group B and in <25 s in Group A. The injection rate and the maximum pressure during injection were recorded.
Data measurement and image evaluation
Vessel enhancement evaluation for arteries, portal veins, and inferior vena cava Vessel enhancement evaluation was carried out using the 40 keV monochromatic images with FBP reconstruction in the dual-energy spectral CT group (Group A) and the conventional CT images with 40% ASiR reconstruction in Group B on an advanced workstation. A region of interest (ROI) of two-thirds of the diameter of the vessel (30-50 mm 2 ) was chosen on the arteries, portal vein, and inferior vena cava (at the site where the renal vein joins the vena cava and at the second hepatic portal vein level) to measure the CT number. Another ROI (50 mm 2 ) was chosen on the erector spinae on the same image to measure the CT number and standard deviation (SD). For the arteries, the abdominal aorta was considered the first-level artery; the renal artery, celiac artery, and superior mesenteric were the second-level arteries; and the splenic artery and hepatic artery were the third-level arteries. For the portal veins, the portal vein trunk was considered the first portal vein level; the right and left branches of the portal vein were the second portal vein level. [23] Optimal kiloelectron-volt value From the vessel enhancement measurement, a contrast-to-noise ratio (CNR) can be calculated: CNR = (CT [vessel] -CT [erector spinae])/SD (erector spinae). The CNR calculation for dual-energy spectral CT was propagated to the entire photon energy range from 40 keV to 140 keV automatically by the gemstone spectral imaging (GSI) software on AW4.5 (GE Medical Systems, Milwaukee, WI, USA). From the CNR curve covering the entire energy spectrum, one can then select the optimal energy level for achieving the highest CNR value.
Subjective evaluation of image quality in terms of vascular enhancement The optimal energy spectral CT images were preselected and then presented to reviewers. Subjective evaluations of image quality in terms of vessel enhancement were performed for the axial, coronal, and sagittal images for both the optimal energy level dual-energy spectral CT images reconstructed with the FBP algorithm and for the conventional images reconstructed with 40% ASiR. Two senior radiologists subjectively and blindly evaluated the quality of the images in terms of vascular enhancement using a 4-grade scale, and scores ≥3 were considered diagnostic quality. The evaluation standards for abdominal aortic imaging were as follows: 
Abdominal parenchyma evaluation
Enhancement and image noise for the abdominal organs were measured on the 60 keV spectral CT images and conventional CT images, both reconstructed with 40% ASiR.
Objective evaluation A 20-mm 2 ROI was chosen on the muscle by the spine, left lobe of the liver, head of the pancreas, and renal cortex, avoiding obvious uneven density areas and large vessel branches, to measure the CT number and its SD. The signal-to-noise ratios (SNRs) for these organs were calculated as follows: SNR = CT (organ)/SD (organ). The ratio of the signal of the abdominal organs to that of the muscle was defined as the relative enhancement for the parenchyma and was calculated.
Subjective evaluation
Two senior radiologists evaluated the image quality for the abdominal parenchyma for the axial, coronal, and sagittal 60 keV spectral images with 40% ASiR using a 5-grade scale, which mainly included the following aspects: the hepatic parenchyma and hepatic vasculature; gallbladder wall; spleen parenchyma; pancreatic contour; renal and proximal urethra; blood vessels, such as the celiac origin, mesenteric artery, and renal vasculature; and solid tumor contour and details within the tumor, such as uneven enhancement, vessel shapes, and blood supply. Scores ≥3 were considered diagnostic quality.
The evaluation criteria for abdominal organ enhancement, uniformity, and tumor foci were as follows:
• Score 5: Full diagnostic image quality with minimal noise, very clearly displayed structures and lesion detail. Lesions had very clear boundaries and very good contrast to adjacent tissue. The enhancement mode could be clearly determined • Score 4: Full diagnostic image quality with some noise, well displayed structures and lesion detail. Lesions had clear boundaries and good contrast to adjacent tissue. The enhancement mode could be clearly determined • Score 3: Diagnostic image quality with moderate noise. Organ structures and lesion details could still be displayed, with some blurred boundaries. The enhancement mode could be determined • Score 2: Poor image quality with high noise and unclear structure displays, in which lesions could be partly distinguished, and the enhancement mode could not be confidently determined. The image could not be used for diagnosis • Score 1: Very poor image quality with severe noise and unclear structure displays, in which lesions could not be distinguished, and the enhancement mode could not be determined. The image could not be used for diagnosis.
Contrast dose and radiation dose
The contrast dose and radiation dose (volumetric CT dose index [CTDIvol]) of the two groups were recorded and compared.
Statistical analysis
In this study, a before-and-after analysis of image quality for the same group of children with solid tumors was conducted. Therefore, the paired t-test was used for the quantitative measurements, assuming distribution of the before-after differences follows a Gaussian distribution. The boxplot and column bar graphs were plotted to present detail information. The qualitative image quality scores were compared using the Wilcoxon signed-rank test, and the consistency of subjective scores between the two radiologists was evaluated using the kappa test (κ ≤0.2 for poor consistency, 0.2< κ ≤0.4 for low consistency, 0.4< κ ≤0.6 for medium consistency, 0.6< κ ≤0.8 for good consistency, and 0.8< κ ≤1 for high consistency).
All statistical analyses were performed using SPSS version 13.0 (SPSS Inc.,Chicago, IL, USA) and a P < 0.05 was considered statistically significant.
results
Contrast injection parameters and radiation doses
The contrast injection parameters and radiation doses for the two groups are listed in Table 2 and Figure 1 . Compared with Group B, the contrast concentration and total iodine load were reduced by 15% and 15.8% in Group A, respectively, whereas the injection speed and the maximum pressure during contrast injection were also reduced by 34.4% and 18.3%, respectively. The differences were significant. With the use of single-phase enhanced scanning, dual-energy spectral CT reduced the total radiation dose by 19%, which was also statistically significant.
Optimal kiloelectron-volt selection in dual-energy spectral imaging
CNR curves as a function of photon energy were generated by GSI viewer software. The CNR curves for the abdominal aorta, portal vein, and vena cava had two peaks [ Figure 2] , with the highest one at 40 keV and the second highest one at 57-65 keV (62.61 ± 1.28 keV). Therefore, the optimal energy levels for the study group were selected at 40 keV and 60 keV, with the 40 keV images being chosen to evaluate the vascular enhancement and 60 keV images to evaluate the abdominal organs where the ASiR technique could be applied for dual-energy spectral CT imaging through our scanner.
Vascular enhancement
The vascular enhancement numbers for the abdominal arteries, portal veins, and inferior vena cava are listed in Table 3 . The images in Group A were monochromatic images at 40 keV, and the images in Group B were from conventional contrast-enhanced images in the AP for the abdominal arteries and in the VP for the portal veins and inferior vena cava. The results showed that the abdominal aorta and its second-and third-level branches, the portal vein and its first-level branches, and the inferior vena cava had sufficient enhancement on the 40 keV spectral images for adequate vessel display (higher than 200 HU for arteries and higher than 150 HU for veins). [24] The enhancement in the portal veins and vena cava in the study group (Group A) was significantly higher than that in the control group (Group B) (P < 0.001). The CT values in the portal vein, first-level branches of the portal vein, and vena cava in Group A were 2.50, 2.37, and 2.24 times of those in Group B, respectively.
Subjective evaluation of vascular imaging
The subjective evaluation results for the abdominal arteries, portal veins, and vena cava are listed in Table 4 . All scores were higher than 3, indicating that all images could be used for diagnosis [ Figure 3 ]. The two readers had excellent agreement on the quality scores (κ = 0.89).
The results suggested that the 40 keV dual-energy spectral CT images obtained in a single phase provided better imaging quality for the portal and venous vessels than conventional abdominal enhanced CT scans in the individual scan phase, with higher scores (3.48 ± 0.50 vs. 3.21 ± 0.41 for the portal veins and 3.44 ± 0.50 vs. 3.05 ± 0.22 for the inferior vena cava, P < 0.001).
Correlations of body mass index and image quality
The average body mass index (BMI) levels of Group A and Group B were 14.61 ± 1.94 kg/m 2 and 15.24 ± 2.05 kg/m 2 , respectively, with no statistically significant difference. The average BMI of this study was 14.93 ± 2.01 kg/m 2 .
The CT number SD of the muscle was used as the index for image quality. The average SD of Group A was 10.39 ± 2.07 HU. The average SD of Group B was 9.40 ± 2.30 HU. The average BMI and SD of this study had no correlation (R = −0.031, P = 0.769).
Image quality evaluation for the abdominal organs
Multiplanar reformat images were reconstructed with thin-slice images at 60 keV for dual-energy spectral CT imaging where the ASiR technology could be applied.
The absolute and relative enhancement and image noise for muscle, liver, pancreas, and renal cortex are listed in Table 5 . The abdominal organs in Groups A and B had similar degrees of absolute and relative enhancement (P > 0.05), while noise was higher in the spectral CT images.
Signal-to-noise ratio and subjective evaluation for the abdominal organs
SNR for the muscle, liver, pancreas, and renal cortex for Group A and Group B were 9. The subjective evaluation scores for the 60 keV spectral CT images with 40% ASiR of the abdominal organs determined by the two radiologists were all ≥3: 3.69 ± 0.60 for Dr. A and 3.78 ± 0.64 for Dr. B, indicating clinically acceptable images. The agreement between the two observers was good, with κ = 0.75.
dIscussIon
In this study, we evaluated the use of a new contrast injection scheme combined with a unique single-phase, dual-energy spectral CT imaging mode for pediatric patients with solid abdominal tumors to reduce both contrast dose and radiation dose. Because the uncertainty in the enhancement of abdominal organs with low-concentration contrast in pediatric abdominal CT images may lead to radiological diagnosis failure, for the initial study, we selected pediatric patients with solid tumors who were undergoing chemotherapy and had undergone enhanced abdominal CT with a conventional protocol for tumor diagnosis. The primary purpose of the second CT scan was to evaluate the volume changes of the tumor and lymph nodes after chemotherapy. Our results indicated that using a lower concentration contrast and slower contrast injection speed, we could reduce the total contrast dose by 15% with improved patient comfort; using the low-energy monochromatic images in a single-phase, dual-energy spectral CT, we could overcome the adverse effect of reduced contrast dose to obtain satisfactory enhancement in arteries, veins, and various organs while reducing radiation dose by 19%, compared with conventional scan protocols.
The use of contrast in CT scanning can clearly show the contour, shape, and distribution patterns of blood vessels of organs and lesions and increase the diagnostic value of CT, especially for vascular disease. [14, 15] However, the osmotic pressure, viscosity, and high speed of contrast injection can not only make the patient uncomfortable but also induce vascular damage, which can even lead to contrast-related nephropathy. [16] [17] [18] [27] [28] [29] [30] [31] [32] Newborns, infants, and young children are the high-risk groups for contrast-related adverse reactions. [21, [32] [33] [34] Reducing the dose of contrast and the injection speed can effectively prevent such adverse reactions. [16, 19, 35, 36] The contrast injection speed is uncertain for children, usually determined by nurses according to the child's vascular and sedation conditions, although it is usually fixed in adult abdominal enhanced CT scanning. [34] [35] [36] In our study, we applied a new contrast injection scheme: reducing both the concentration of contrast and injection speed for contrast dose reduction and patient comfort. Low-concentration contrast (270 mgI/ml) was used in the study group (Group A). The injection speed in Group A was also reduced from the 0.9 to 3.5 ml/s (1.70 ± 0.62 ml/s on average) in the conventional protocol (Group B) to 0.5-1.7 ml/s (0.97 ± 0.27 ml/s on average) based on blood vessel and sedation conditions. The combination of lower contrast concentration and slower injection speed in Group A effectively reduced the total contrast dose to mitigate the chemical damage from the contrast. This contrast scheme also effectively reduced the intravascular pressure (from 79.24 ± 17.20 PSI in Group B to 64.80 ± 17.42 PSI in Group A, P < 0.001; 1 PSI=6.895 kPa). Lower injection speed and intravascular pressure can make young children more comfortable and calm, which is important to ensure image quality in the AP. [36] Immediately, high intravascular pressure caused by rapid intraarterial injection can induce vascular spasms, extravasation. It will bring children limb jitters, body movement, needle abscission, and subcutaneous tissue damage, even waking the child during the injection, which can lead to CT scan failure. Hence, the contrast injection scheme in our study can not only reduce the adverse effects of the contrast in enhanced CT but also improve the success rate of pediatric CT scanning.
The inevitable side effect of reducing contrast dose is the reduction of attenuation in vessels and organs. To overcome this adverse effect, we used the dual-energy spectral CT imaging mode, especially the low-energy monochromatic images for patients in Group A. Dual-energy spectral CT provides images in the energy ranges of 40-140 keV through analysis of two groups of data from 80 kVp to 140 kVp obtained with fast kVp switching. [27, 28] Based on the theory that low-energy X-rays can improve the contrast between high-density and low-density objects, some scholars have attempted enhanced CT diagnosis with low energy, [28] [29] [30] [31] and others have combined low-energy level images with low-concentration contrast, [37] especially for the aorta and the liver vascular system. We evaluated the image quality in terms of enhancement in the vessels and organ parenchyma and image noise with the use of spectral CT images in our study. The image quality of enhanced CT scans is mainly determined by the enhancement of blood vessels and organ parenchyma, which is correlated with the weight of the patient, injection speed, and dose of contrast. [38] [39] [40] Other factors affecting image quality include heart rate, kinemia, circulation, and the basal metabolic rate. The image quality of liver blood vessels is closely related to these factors. [41] The development of children's tissues and organs is not perfect. The patients in Group A all had solid tumors for at least 2 months and had undergone one course of chemotherapy, so their physiological metabolism and liver and kidney function were not stable. In the face of such large individual differences, it is difficult to judge the peak time accurately, even for experienced radiologists. We performed the enhanced phase at 45 s after the beginning of contrast injection in Group A. Low-energy CT images of dual-energy spectral can increase the ratio of iodine to the surrounding tissues and remedy the decrease in the ratio among a variety of tissues caused by low-concentration contrast. A study suggests that if enhancement of the artery reaches 300 HU or more, 95% of vascular VR images can achieve the best level. [42] In our study, although the data from our study showed that the enhancement of arteries in Group A was statistically lower than that in Group B (409.47 ± 65.63 vs. 410.80 ± 30.14 HU for the abdominal aorta; 368.79 ± 63.42 vs. 394.33 ± 59.46 HU for the second-level artery; and 346.74 ± 59.93 vs. 366.77 ± 64.62 HU for the third-level artery), two senior radiologists determined that 40 keV energy spectral CT images provided adequate enhancement and displayed vessels very well. Therefore, single enhanced phase spectral CT scan mode can provide us with diagnostically acceptable enhanced vessel images. Single enhanced phase spectral CT mode also provided us with high-quality images of the abdominal organs. In this study, we evaluated and compared organ image quality on 60 keV images with conventional CT enhanced VP images with 40% ASiR. There was no significant CT value difference in the muscle, liver, pancreas, or renal cortex, and the relative enhancement of the organs in Group A was higher than that in Group B. Although the objective noise in the 60 keV spectral images was higher than that in Group B, the opinion of the radiologists was that this increase in objective noise did not affect the display of different components in the tumors.
The results of our study also showed that the CT scanning protocol of dual-energy spectral CT with a single enhanced phase does lowered the radiation dose. The radiation dose (CTDIvol) in Group A was approximately 19% lower than that of the conventional protocol with two enhanced phases.
This study had limitations. First, we had a small number of patients because it was a preliminary exploration of the feasibility of the clinical application of low-concentration contrast. Second, the patients in this study had only solid tumors and were in the midst of medical treatment, so the conclusions of the study should apply only to children with tumors and are not applicable for patients from whom vascular information is needed.
In this study, we carried out a feasibility study combining dual-energy spectral CT mode and low-concentration contrast for pediatric abdominal enhanced CT scans. We concluded that single-phase, dual-energy spectral CT mode can be used to reduce contrast dose and radiation dose while maintaining clinically acceptable image quality for children with solid abdominal tumors.
